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We recorded IR spectra for neutral cobalt clusters via two-color IR-UV ionization,
using the Free Electron Laser for IntraCavity Experiments (FELICE). Well-resolved
IR spectra are presented for Con (n = 4–10, 13) and analyzed with the help of Den-
sity Functional Theory calculations using two different correlation exchange func-
tionals: the revisited Tao-Perdew-Staroverov-Scuseria (revTPSS) and the frequently
used Perdew-Burke-Ernzerhof (PBE) approaches. Although we have not performed
an extensive structure search, we tentatively assign the spectra for all cluster sizes
except for n = 7, and n = 10. We find that neither of the two functionals chosen
clearly outperforms the other in predicting IR spectra, and that relatively low scaling
factors of 0.82 (PBE) and 0.8 (revTPSS) are required. In contrast to the magnetic
moments, the calculated electric dipole moments fluctuate strongly as a function of
cluster size and could therefore be used as an indirect probe to the cluster structure.
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I. INTRODUCTION
Nanostructures can be used as model systems to gain a deeper understanding in condensed
matter physics and are required to continue the ongoing technological miniaturization1,2. A
special class of nanostructures are clusters, containing from 2 up to several hundreds of
atoms. Cluster properties evolve in often unexpected ways as a function of size, something
which can be revealed when studying them isolated in the gas-phase3–5. Neutral clusters
of 3d transition metal elements, for example, exhibit a strongly size-dependent magnetic
moment6–11. Moreover, a marked increase in magnetic moment per atom as compared to
the bulk value is observed, which can in part be explained by the reduced hybridization
of 3d and 4s orbitals and is a topic of many computational studies12–18. A recent spur of
experiments has addressed the disentanglement of spin and angular magnetic moments in
size-selected cationic 3d metal clusters through X-ray Magnetic Circular Dichroism (XMCD)
spectroscopy19–23. Here, it was found that cationic cobalt clusters exhibit strong increase in
orbital contribution with reduced cluster size19.
3d transition metal clusters are not only interesting for their magnetic character, but
also can act as catalysts. The production of hydrocarbons in the Fischer–Tropsch process,
for instance, is catalyzed by cobalt in nanoparticle form.24,25 The catalytic activity was
predicted by Density Functional Theory (DFT) calculations to strongly depend on cobalt
particle size24, using both face centered cubic and icosahedral structures; the size-dependent
activity was also found experimentally.26 As the carbon monoxide binding energy to cobalt
depends on, inter alia, the structure,27,28 an understanding of these materials at the nanoscale
is of both fundamental and technological importance.
In this contribution, we focus on the structure of neutral cobalt clusters. Obtaining
definitive information on the geometrical arrangement of the atoms in such small systems is
a challenge both experimentally and computationally. Several computational studies report
icosahedral structures for neutral cobalt clusters15,16, while Datta et al. 17 finds hexagonal
geometries. More recently, star-like icosahedral structures are suggested for intermediate-
sized cobalt clusters29. There is no consensus for the structure of small cobalt clusters
either. For example, Co4 is either found to adopt tetrahedral
15,17, rhombic16,30 or out-of-
plane rhombic18 symmetry. Similarly, Co5 can be a bicapped triangle
15,17, planar W-like30 or
a tetragonal pyramid16. Clearly, an experimental probe of the cluster structure is required
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to solve this problem.
A variety of experimental techniques has been developed to obtain direct structural in-
formation. Among these are chemical probe methods31, trapped ion electron diffraction32
and IR vibrational spectroscopy33. Cobalt anions were investigated using photoelectron
spectroscopy34, comparing the experimental photoelectron spectra to calculations35. IR
spectroscopic information was obtained for cationic cobalt clusters ranging from Co +4
to Co +8 through IR-multiple photon dissociation (IR-MPD) spectroscopy of Co
+
n −Ar
complexes36. However, the formation of such weakly bound complexes for neutral cobalt
clusters, enabling messenger spectroscopy, has not been reported thus far.
The IR absorption characteristics of neutral clusters can also be probed using an IR-
UV two-photon ionization technique. Here, a UV laser that is slightly red-detuned from the
ionization wavelength, can succeed in ionizing the cluster once the cluster resonantly absorbs
one or multiple IR photons to raise its energy and overcome the ionization barrier. This
method has been used for several systems37–39, most notably for Si, MgO and B clusters40–42.
We recently demonstrated that the IR excitation of neutral cobalt clusters leads to a thermal
equilibration between nuclear and electronic coordinates, and that the functional form of the
UV wavelength dependent photoionization signal reveals information about the electronic
structure43. We showed that the IR excitation is done in resonance with vibrational modes,
revealing cluster size dependent UV spectra. In this work, we present the IR spectra recorded
for the various cobalt clusters. We combine the IR spectra with DFT calculations using two
correlation-exchange functionals revTPSS and PBE to determine the structure of Con for
n=4–10,13 clusters. Finally, we will discuss the electronic and magnetic properties of the
structures.
II. METHODS
A. Experiment
The experiments are carried out in a molecular beam instrument that is coupled to the
Free-Electron Laser for IntraCavity Experiments FELICE. Details about this instrument
are described elsewhere44,45, and will only be outlined briefly. A pulsed Nd:YAG laser (532
nm) ablates material from a cobalt sample rod (Goodfellow, high purity 99.99% Co) in the
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presence of a pulse of helium gas, introduced to induce cluster condensation. Subsequently,
clusters aggregate in a growth channel which is cooled to about 77 K and expand into
vacuum via a nozzle to form a molecular beam. The cluster beam is skimmed and enters a
differentially pumped vacuum chamber where charged clusters are deflected out of the beam
using a set of electrically biased parallel plates. Neutral clusters are transmitted to the
extraction region of a reflectron time-of-flight mass spectrometer (Jordan TOF products,
Inc.) where they are overlapped by pulsed IR and UV laser beams, under angles of 35◦
and 90◦, respectively. The extraction plates of the mass-spectrometer are continuously on,
leading to instantaneous extraction upon the formation of ions, which are detected on a
multichannel plate (MCP) detector. The MCP signal is registered by a 12-bit 100 MHz
digitizer at 2.5 ns time resolution (Acqiris DP310).
FELICE produces IR light at 10 Hz in macropulses of ∼ 7 µs consisting of a pulse
train of ps duration micropulses at a 1 GHz repetition rate. FELICE covers the 100-3500
cm−1spectral range, although in this study only the 100-500 cm−1range is used. The spectral
bandwidth of the light is set to ∼ 0.3% of the central frequency.
The UV laser pulses are produced either by an ArF excimer laser or a frequency-tripled
dye laser. Both UV lasers operate at twice the FELICE repetition rate. This way, two
types of mass spectra are obtained in an alternating fashion: one with and one without
IR excitation. The mass spectrum without IR excitation forms a reference mass-spectrum
allowing for the correction for long term fluctuations in cluster production. The UV lasers
are timed to obtain a maximum increase in ion yield, approximately at 1 µs after the end
of the FELICE macropulse.
The two-color IR-UV spectroscopic technique requires that the UV photon energy is
tuned close to the ionization energy (IE) of the cluster39,43,46. The IEs for Co4, Co5 and
Co6 are not exactly known, but were previously estimated at 6.2 ± 0.2 eV47,48. To access
this energy range we use an ArF excimer laser at a fixed energy of 6.42 eV/photon. Larger
clusters have a lower IE and are probed using a frequency-tripled dye laser.
The energy deposited into the cluster upon excitation of a vibrational mode is redis-
tributed over both nuclear and electronic degrees of freedom. The redistribution of energy
leads to population of vibrationally and electronically excited states.43 By monitoring the
relative change in ion yield as a function of IR frequency a vibrational spectrum is obtained,
which can be extracted for multiple cluster sizes simultaneously due to the mass spectro-
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scopic analysis of the cluster beam. The spectra are presented as the gain, which is given
by I(ν)/I0 − 1 of ion yields I(ν) and I0 with and without IR irradiation at frequency ν,
respectively, and are subsequently normalized on the macropulse energy.
III. COMPUTATIONAL
We have performed DFT calculations using the ADF program suite49–51 to interpret the
experimental vibrational spectra. Several cluster geometries are considered, starting with
previously obtained candidate structures15,17, but no broad structure search was carried out.
Two exchange correlation functionals are considered: the Perdew-Burke-Ernzerhof (PBE)
functional in the generalized gradient approximation (GGA)52 which is used in many com-
putational studies.17,29,53. We also make use of the revisited Tao-Perdew-Staroverov-Scuseria
(revTPSS) functional in the meta-generalized gradient approximation (Meta-GGA)54,55. The
revTPSS functional55 is a recent revision of the original TPSS functional,54 with which a
better agreement with several experimental studies than with PBE has been reported.56,57
For both functionals we use ADF’s TZ2P+ Slater type exponential spherical basis set
and apply scalar (ZORA) relativistic corrections. The calculations are done for different
spin polarizations and no symmetry restrictions are applied during the geometry optimiza-
tion. After geometry optimization we calculate the harmonic frequencies to ensure that the
geometries are true minima, and to compare them to the experimental spectra. We finally
calculate the electric dipole moment of the cluster, by integrating the charge density.
In comparing harmonic spectra to experimental spectra, a scaling factor is often needed
to correct for the anharmonicity of the vibrational potential.58 Here we apply an empirical
frequency scaling factor of 0.82 for PBE, and 0.8 for revTPSS found by comparison with
the well-reproduced experimental spectrum for Co5, vide infra. The zero-point energy based
on scaled harmonic frequencies is included in calculating the energy differences between
isomers. Although our experiments are done at 77K (determined by the cooling extension
of our source) and the most relevant quantity for comparison would be a finite-temperature
vibrational spectrum calculated using e.g. vibrational perturbation theory (VPT2),59 it has
been demonstrated in many experiments that the zero temperature vibrational spectra can
be sufficiently accurate for structural assignment.33
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FIG. 1. Mass spectra of cobalt clusters with and without IR excitation at 195 cm−1acquired using
a 193 nm ionization laser.
IV. RESULTS AND DISCUSSION
Typical mass spectra in the lower size range show the cluster distribution as detected
using photons of 193 nm with and without IR irradiation. (Figure 1). As the photon
energy is below the IE for the cobalt clusters shown, and the UV pulse energy is kept low
to prevent two-photon ionization, their signal intensities are relatively low, and the mass
spectra contain a fair number of dark counts of the MCP detector. Upon IR irradiation at
a frequency of 195 cm−1, a clear enhancement of the ion yield is observed for Co5 compared
to the situation without IR laser. Enhancement for Co4 and Co6 can also be observed,
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FIG. 2. Experimental vibrational spectra (top panels) for Co4, Co5, and Co6. Bottom panels:
calculated spectra for two isomers for each cluster size with relative energies using the PBE (black)
and revTPSS (blue) functionals. The calculated IR intensities (in km/mol) are convoluted with
Gaussian line shape functions with a 15 cm−1 width to facilitate comparison with the experimental
spectra.
although to a lesser extent.
By recording this enhancement as a function of IR frequency ν, we have obtained IR
spectra for Con clusters (n = 4–10,13) by employing a limited number of UV ionization
wavelengths. For Co4–Co6, which have high IEs, the UV frequency was necessarily fixed by
the ArF excimer laser (193 nm, 6.4 eV/photon); for larger clusters, where a tunable laser
source is available, time constraints only permitted the use of selected wavelengths. As a
result, the signal-to-noise ratio in the experimental spectra can differ from one cluster size
to the other, based on how far detuned the laser is from the IE. Although the spectra for,
e.g., Co4 and Co6 show a poorer signal-to-noise ratio than others, all spectra are relatively
well resolved and can serve to, at least tentatively, identify the geometrical structures. All
spectra are corrected for the IR macropulse energy, which in the lower frequency region
results in a lower signal-to-noise ratio.
In figure 2, experimental gain spectra for Co4, Co5, and Co6 are presented. All are
recorded at 193 nm, but the observed gain for Co5 is clearly substantially larger than for
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Co4 or Co6. This could be due to larger IR absorption cross sections for Co5, but the
calculations (discussed below) do not substantiate this. Rather, we speculate that the IE for
Co5 is much closer to the photon energy used than that of Co4, thereby making the probing
of repopulated of vibrational and/or electronic states easier. We first discuss the spectra for
Co5 and Co6 which can readily be assigned to a specific structure, allowing us to motivate
the choice for harmonic frequency scaling.
The experimental vibrational spectrum of Co5 displayed in Figure 2 shows two distinct
resonances at 193 and 258 cm−1, respectively. We consider two isomers that were also sug-
gested in previous computational studies for the structure of Co5
15–17. Structure 5a is a D3h
trigonal bipyramid, structure 5b a tetragonal pyramid. While the PBE calculation for 5a
leads to a near-D3h structure, the revTPSS calculations lead to a distorted structure, where
the pyramidal axis is slightly off-center. The resulting C2v structure has a markedly differ-
ent predicted IR spectrum with bands that, while symmetry forbidden in D3h, are allowed
with appreciable intensity in C2v. While we have not pursued any calculations, we speculate
that the distortion of the revTPSS structure is due to weak Jahn-Teller interactions, and
that it is only very little lower in energy than the symmetric structure. Time-averaged,
the structure is likely symmetric, an example of the dynamic Jahn-Teller effect, where the
zero-point energy is higher than the barrier between the three distorted minima in the po-
tential energy surface, such as previously observed in the benzene cation60. Both functionals
agree about the relative stability of square pyramidic isomer 5b, which is found at ∼ 0.1
eV higher in energy than the trigonal bipyramid; when frequency scaled with appropriate
factors the calculated spectra line up, with most features mirrored. Although the observed
intensity ratio of the experimentally found bands at 193 and 456 cm−1 is somewhat higher
than computationally predicted, the excellent agreement between experimental and calcu-
lated vibrational spectra allows us to assign the spectrum to structure 5a as the ground
state structure of Co5. This is in agreement with previous calculations
15,17. It is noteworthy
that for the cation a similar, however distorted, bipyramid was assigned as the ground state
structure36.
We have chosen frequency scale factors of 0.82 for PBE, and 0.8 for TPSS based on
the match for Co5. We can validate this choice by turning our attention to the spectra
for Co6. For this cluster, there has been a discussion in the literature what the preferred
structure is: a capped trigonal bipyramid or boat structure (isomer 6a) and an octahedron
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(6b) have been suggested.15–17,30 The experimental spectrum is rather simple, pointing to a
highly symmetric structure. One clear vibrational mode at 249 cm−1 (FWHM: 14 cm−1) is
observed. (A second feature at 309 cm−1 is attributed to experimental noise, as its width
(FWHM: 7 cm−1) is substantially below what we observe for other transitions.) In the PBE
calculations, the boat structure (6a) in the 14 µB spin state collapsed into an icosahedron;
usingrevTPSS it was found to be an enormous 0.85 eV higher in energy. For other spin
isomers, the boat converges, but its energies are consistently higher than the octahedron
(Figure S1 and S2). Based on the simplicity of the spectrum, and the match with the
single predicted band, we assign the experimental spectrum for Co6 to the octahedron 6b.
The frequency of the single band predicted matches the experimentally observed band well,
confirming the scaling factors chosen. This factor is rather low compared to other scaling
factors used, e.g. for PBE calculations for cationic Co +n -Ar complexes
36; we have no clear
explanation for this low value for the scaling factor.
In the spectrum for Co4, two experimental resonances are found at 185 cm
−1 and at 236
cm−1, with associated widths (FWHM) of 20 and 17 cm−1, respectively. We compare the
experimental spectrum to calculated spectra for a tetrahedron and a rhombus. The anion
was found to be a slightly distorted tetrahedron with a bond length of 2.25 ± 0.2 A˚35.
A distorted tetrahedron with D2d symmetry is also found experimentally for the cation
36.
The current calculations using PBE suggest that a tetrahedral structure relaxes into a D2d
structure, and is the lowest in energy by 0.1 eV at the PBE level, and 0.3 eV using revTPSS.
However, the match between both calculated spectra and the experimental spectrum is not
satisfactory, as only a single vibrational band is predicted where two clear bands are observed.
This observation is better explained by the rombic structure, although the intensities are
not predicted all too well. Interestingly, the predicted intensities for the two band are widely
different for the two functionals.
The two calculated vibrational modes correspond to the motion of the two central atoms
moving perpendicular to or along the direction of the other two atoms. The calculated
spin moment of 2.5 µB/atom, which is the same for both isomers and both computational
methods, is significantly higher than in the bulk (1.55 µB/atom). This is most probably
due to the reduced coordination number of 2.5 compared to 12 for the bulk, leading to
restricted hybridization of 3d and 4s orbitals. The assignment of the rhombic structure is in
agreement with recent calculations on bimetallic cobalt-nickel clusters where also undoped
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FIG. 3. Experimental vibrational spectra (top panel in each graph) for Con, n=7-10,13. Bottom
panels: calculated spectra for two isomers for each cluster size with relative energies using the
PBE (black) and revTPSS (blue) functionals. The calculated IR intensities (in km/mol) are con-
voluted with Gaussian lineshape functions with a 15 cm−1 width to facilitate comparison with the
experimental spectra.
cobalt clusters were studied30.
The experimental spectra for larger cluster sizes were all recorded using a frequency-
tripled dye laser, and are combined in Figure 3. The experimental spectrum for Co7 reveals
one stronger band at 240 cm−1 with potentially a second band to the blue at 260 cm−1.
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Among reported geometries for Co7 are a capped octahedron (isomer 7a)
17 and a pentagonal
bipyramid (isomer 7b)15. The cation was found to resemble isomer 7a36. For the neutral
Co7, we do not obtain a conclusive match between experimental and calculated spectrum.
Calculated spectra for both isomers exhibit their strongest resonance close to the observed
240 cm−1 band. The presence of the 260 cm−1 band would suggest that the PBE spectrum
for 7a matches best, but the present data do not make a definitive assignment possible.
As the IE of Co7 is relatively high, 5.98 eV
48, compared to the UV photon energy used to
record the vibrational spectra (up to 5.76 eV), we cannot rule out that only the strongest
of vibrational bands appear in the current spectrum. The energetics cannot play a decisive
role here, either: we deem the found energy difference of 0.1 eV too low to be factored in.
The experimental vibrational spectrum of Co8 in Figure 3 reveals a clear, rather broad
band centered at 231 cm−1, and the appearance of a band at the lower limit of the studied
frequency range at 100 cm−1. The 55 cm−1 width (FWHM) for the 231 cm−1 band suggests
the presence of multiple resonances in this spectral range. A bicapped octahedron (isomer
8a) and a tricapped triangular bipyramid (isomer 8b) are suggested as candidate structures
for Co8
15–17. Experimentally, Co +8 was found to adopt a structure similar to isomer 8a
36.
Both functionals used here predict isomer 8a to be the lowest energy structure by 0.4-0.6 eV.
Both structures have a spin magnetic moment of 16µB. We assign the experimental spectrum
to the lowest energy structure, as for both functionals bands are predicted coinciding with
the broad resonance, and both predict a smaller resonance at frequencies close to 100 cm−1,
where an experimental band surfaces.
The experimental spectrum for Co9 is dominated by a strong band centered around 225
cm−1, and a smaller yet distinct band at 118 cm−1. The width of the latter of 13cm−1
suggests the 225 cm−1 band is composed of multiple resonances. A fit using two Gaussian
functions provides a band at 202 cm−1 and another one at 236 cm−1. Previous computational
studies on neutral Co9 supply two candidate structures, a tricapped octahedron (isomer
9a),17 and a bicapped pentagonal bipyramid (isomer 9b).15 We find isomer 9a more stable
by 0.3 eV using both methods. The spin magnetic moment of 1.89 µB/atom is the same as
obtained in previous computational studies. For both isomers several bands are predicted
in the range of 100-300 cm−1, and neither structure can be ruled out based on the current
data. We lean toward assignment to structure 9a, both on energetic grounds, and because
both functionals predict a rather isolated resonance near 120 cm−1, which matches the
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experimental band at 118 cm−1.
The experimental spectrum for Co10 reveals two vibrational resonances between 190 and
280 cm−1: the first band is centered at 193 cm−1 (FWHM: 18 cm−1); a second, broader,
feature is observed around 240 cm−1. The 240 cm−1 band is substantially broader, and
flattened off. This could either suggest the band is saturated or resulting from multiple
bands buried underneath.
We consider a tricapped pentagonal bipyramid 10a and a tetracapped octahedral isomer,
where three of the capping atoms form a second octahedron; the fourth atom bridges the two
’fused’ octahedra (10b). The DFT calculations indicate that these isomers are competitive:
both methods predict 10b the global minimum, with structure 10b trailing by only 0.1 eV.
Interestingly, both methods predict different spin states for this size: PBE predicts 2S = 18
for both isomers, while revTPSS comes to 2S = 22 (see Figure S1 and S2 of the Supporting
Information).
The assignment of this spectrum to a specific isomer is difficult. The best match appears
to be with structure 10b, but only at the revTPSS level. The two bands are quite well
reproduced here, especially the presence of multiple bands close to 240 cm−1. All other
spectra predict significant activity. All in all this is a case where the two functionals show
substantial discrepancies, making it difficult to assign the spectrum.
The calculated spin moment of 1.8 µB/atom for PBE and 2.2 µB/atom for revTPSS is
low compared to other clusters in this size range and is significantly lower than the reported
magnetic moment of 2.45 µB/atom
15. Datta et al. 17 state that this is most likely due to
the change in growth pattern from octahedral based structures for smaller clusters and an
icosahedral growth pattern for Co10. In our case, we conclude that both functionals still
favor an octahedral pattern.
For Co13 only one clear resonance is observed at 144 cm
−1 (FWHM: 14 cm−1). The
appearance of only one single band could point at a highly symmetric structure. As 13 is
the first cluster size where a geometric shell is closed for both icosahedral and cuboctahedral
structures, many computational studies have aimed at finding the geometric arrangement
of 13-atom clusters, especially for transition metals. Chang and Chou 61 report a buck-
led biplanar conformation for 4d transition metals using a pseudo-potential DFT method
using a GGA functional. Several other groups report a biplanar structure for Co13
29,62,63.
Datta et al. 17 indicate that Co13 favours a distorted hexagonal structure over an icosahedral
12
symmetry.
Here, we have calculated the vibrational spectra for an icosahedron and for an fcc-like
structure, consisting of a hexagonal and a triangular layer and compared them to the exper-
imental spectrum. We have attempted to also calculate the distorted hexagonal structure
proposed by Datta et al. 17 , but could not suppress imaginary frequencies, indicating that
in our approach it should be considered as a saddlepoint, and not a true minimum. The
two functionals applied disagree about energetic ordering: PBE prefers the fcc structure
by 0.79 eV, whereas revTPSS rates the icosahedron as lowest energy structure, albeit by
a mere 0.16 eV. The spin state is predicted the same for both methods, 2S=31 for the
icosahedron and 2S=27 for the fcc structure. We assign the experimental spectrum to an
icosahedral structure, as it is clear that the rich vibrationla structure predicted for the fcc
structure ate higher frequencies is not observed. Interestingly, both theretical spectra for
the icosahedron reflect their lowering of symmetry upon geometry optimization, leading to
the appearance of (weaker) high frequency band (PBE) or significant broadeing (revTPSS)
where the experimental spectrum is rather sharp.
As is clear from the previous, the structure determination of a cluster is not straightfor-
ward. For lack of experimental information, computational studies usually assign or compare
the geometric structures solely based on the calculated energetic order or the match between
calculated and experimental magnetic moment. This can be ambiguous as the calculated
moment for different isomers is often identical. Moreover, the experimental magnetic mo-
ment is the total magnetic moment, whereas the calculations are limited to the spin moment
alone. From the current calculations we find spin magnetic moments that agree well with
with experimental observations, where an increase in total magnetic moment is observed
compared to the bulk that increases with reduced cluster size10. Additionally, our results
are of comparable magnitude to the spin moments determined by XMCD for cobalt cations19.
Nonetheless, assignment of a cluster structure by comparison of experimental and cal-
culated magnetic moment would be more robust when there is a strong dependence of the
magnetic moment on the cluster size. For cobalt clusters, this is not the case. In contrast,
the calculated electric dipole moment strongly depends on cluster structure. The electric
dipole moment can therefore be considered as an additional experimental probe for the
structure. Although the calculated dipole moments differ only negligibly for the two isomers
of Co4 and Co5, a discrimination based on electric dipole moment is possible for all other
13
PBE revTPSS
Relative Spin Spin magnetic Dipole Relative Spin Spin magnetic Dipole
energy state moment moment energy state moment moment
(eV) (2S) (µB) (D) (eV) (2S) (µB (D)
4a 0.13 10 2.50 0.000 0.11 10 2.50 0.000
4b 0.00 10 2.50 0.000 0.00 10 2.50 0.000
5a 0.00 13 2.60 0.000 0.00 13 2.60 0.074
5b 0.14 13 2.60 0.033 0.18 13 2.60 0.058
6a 0a 14 2.33 0.330 0.84 14 2.33 0.173
6b 0.00 14 2.33 0.336 0.00 14 2.33 0.000
7a 0.00 15 2.14 0.203 0.00 15 2.14 0.333
7b 0.12 15 2.14 0.107 0.09 15 2.14 0.089
8a 0.00 16 2.00 0.114 0.00 16 2.00 0.013
8b 0.44 16 2.00 0.353 0.55 16 2.00 0.419
9a 0.00 17 1.89 0.234 0.00 17 1.89 0.180
9b 0.41 17 1.89 0.526 0.29 17 1.89 0.651
10a 0.09 18 1.80 1.225 0.08 22 2.20 1.439
10b 0.00 18 1.80 0.180 0.00 22 2.20 0.170
13a 0.79 31 2.38 0.003 0.00 31 2.38 0.003
13b 0.00 27 2.08 0.244 0.22 27 2.08 0.371
TABLE I. Calculated relative energies, spin moment and electronic dipole moment.
a Collapses into structure 6b
cluster sizes, as shown in Table I. While electric deflection experiments have, to the best
of our knowledge, not been performed for such small cobalt clusters, such data could yield
valuable complementary information to the experiments presented here.
V. CONCLUSIONS
We have recorded the vibrational modes for small neutral cobalt clusters (N=4–10,13) via
two-color IR-UV spectroscopy. Upon comparison of our experimental data with calculated
14
spectra using the PBE and revTPSS functionals we tentatively assign the spectra to the
following structures: Co4 is a rhombus, Co5 a trigonal bipyramid, Co6 a tetragonal bipyra-
mid, Co8 a bicapped octahedron, Co9 a tricapped octahedron, and Co13 is found to be an
icosahedron. For Co10, we cannot assign the structure as the theoretical spectra simply do
not agree with the experimental; we lean to favoring a tricapped pentagonal bipyramid as
suggested by the revTPSS calculations. Due to a rather poor signal-to-noise ration, likely
caused by a mismatch between UV probe wavelength and IE, the spectrum for Co7 could
not be assigned, either. Our calculations further suggest that experimental determination
of the electric dipole moment rather than the magnetic moment could provide additional
structural information.
We find that the two functionals used often show strong agreements in predicting the rel-
ative stability of structural isomers of the cluster sizes studied. The spin magnetic moments
are also usually agreed upon, with the notable exception of Co10, where the methods consis-
tently predict a different lowest energy spin state. However, for predicting the IR spectra of
the clusters, we find a substantial variation, making it difficult to assign spectra, even disre-
garding the usual discrepancies between harmonic frequencies and possible multiple-photon
absorption effects. It is with this extensive comparison that we hope to stimulate further
development in theoretical treatment of high-spin species, and of transition metal systems
in general.
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FIG. S1. Total bonding energy including zero point energy of the Con cluster structures as a
function of spin state calculated using the PBE functional. Structures na are shown in black
squares, structures nb in red circles.
21
0 2 4 6 8 1 0 1 2 1 4 1 6
- 2 0
- 1 5
Tot
al b
ond
ing 
ene
rgy
 (Ha
rtre
e)
C o 4
1 3 5 7 9 1 1 1 3 1 5 1 7
- 3 0
- 2 5
C o 5
0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 6
- 3 5
- 3 0
- 2 5
C o 6
1 3 5 7 9 1 1 1 3 1 5 1 7 1 9 2 1 2 3 2 5 2 7 2 9
- 4 5
- 4 0
- 3 5 C o 7
0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 6
- 5 0
- 4 5
Tot
al b
ond
ing 
ene
rgy 
(Ha
rtre
e)
2 S
C o 8
1 3 5 7 9 1 1 1 3 1 5 1 7 1 9 2 1 2 3 2 5 2 7
- 6 0
- 5 5
2 S
C o 9
4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 6 2 8 3 0 3 2 3 4 3 6
- 6 5
- 6 0
- 5 5
2 S
T P S S  n e u t r a l  c o b a l t  c l u s t e r s  ( w i t h  Z P E )
C o 1 0
1 3 1 5 1 7 1 9 2 1 2 3 2 5 2 7 2 9 3 1 3 3 3 5 3 7 3 9 4 1
- 9 0
- 8 5
2 S
C o 1 3
FIG. S2. Total bonding energy including zero point energy of the Con cluster structures as a
function of spin state calculated using the revTPSS functional. Structures na are shown in black
squares, structures nb in red circles.
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0.794403 ‐0.19749 ‐1.18162 9a ‐0.11912 ‐0.04594 ‐2.30757 ‐0.00573 0.115908 2.429775
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FIG. S3. Coordinates (in A˚) of the Con cluster structures optimized at the PBE level (unless
otherwise indicated) for the lowest found spin state.
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